Abstract. Ovarian cancer (OC) is the most malignant type of gynecological tumor due to its high recurrence rate following initial treatment. Previous studies have indicated that cancer stem cells (CSCs) may be a potential cause underlying the high proportion of recurrence. Side population (SP) cells isolated from cancer cell lines have been shown to exhibit characteristics associated with CSCs, but studies on SP cells in human ovarian SK-OV-3 cell line are limited. In the present study, the SP cell fraction (4.83% of the total cell population) was isolated using flow cytometry, and analyzed by immunocytochemical analysis and reverse transcription-quantitative polymerase chain reaction. The results showed that SP cells exhibited a high mean fluorescence intensity for CD44, a CSC marker, in addition to elevated expression of the CSCs-associated genes, ATP-binding cassette sub-family G member 2 and Nestin. These findings indicated the stem cell-like features of the SP cells. Furthermore, a colony formation test showed that the isolated SP cells possessed a marked capacity for self-regeneration and proliferation. In addition, a cell cycle assay involving cisplatin indicated that the SP cells were strongly resistant to chemotherapy. In conclusion, the present results suggested that SP cells isolated from the SK-OV-3 cell line exhibited properties typically associated with CSCs. Therefore, the isolated SP cells may be used to provide novel insight into potential therapies against OC.
Introduction
Ovarian cancer (OC) is considered to be the most lethal type of adenocarcinoma among gynecological cancers (1) . Epithelial malignancy is the leading cause of OC (2) , and the 5-year survival rate of OC patients with epithelial malignancy is reportedly <30% (3) . Although the pathogenesis of OC is extensively studied, its precise causes remain unknown. It has been reported that infertile women that ovulate incessantly are at a high risk of developing OC (4) . Furthermore, a number of genetic causes have been proposed, including the specific genes BRCA1 and BRCA2, in addition to genes for hereditary nonpolyposis colorectal cancer (5) . Symptoms of OC may be subtle and >70% of patients have already reached a terminal stage of cancer at diagnosis (6) . Late diagnosis also increases the likelihood of OC recurrence following initial treatment, and increases the risk of eventual mortality (3, 7) .
Numerous approaches have been suggested for the diagnosis and management of OC. Physical examination combined with a blood test and transvaginal ultrasound examination have been used to detect the cancer at an early stage (8) . Common methods of OC management include surgical tumor resection, radiation therapy and chemotherapy (9) . Despite advancements in these detection and management techniques, the prognosis of OC has not improved substantially and an increasing rate of OC recurrence is observed (10) . The recently proposed hypothesis of cancer stem cells (CSCs) may provide a promising approach for the treatment of OC (11) .
CSCs are a population of stem-like cells that possess the tumorigenic capability to self-renew and differentiate into multiple cell types within a tumor (12) . CSCs were initially reported by Bonnet and Dick (13) in 1997 and were proposed as an explanation for the apparent heterogeneity of cancer cells (14) . As CSCs are able to differentiate into a variety of cancer cells (15) , the isolation of CSCs in tumors and inhibition of their growth are significant for cancer therapy. To date, a number of procedures for CSC isolation have been reported, including fluorescence-activated cell sorting, which employs fluorescent antibodies as markers on the cell surface (16) , as well as functional approaches of side population (SP) cell analysis based on flow cytometry (FCM), which is performed according to the CSC characteristics (such as possessing the tumorigenic capability to self-renew and differentiate into multiple cell types within tumors) (17) . In graphs produced by FCM analysis, SP cells present as a distinct subpopulation, indicated by an area of low fluorescence intensity (18) . SP cells are identified by their ability to transport Hoechst 33342 dye through verapamil-sensitive ATP-binding cassette (ABC) transporters (19) .
To date, a number of studies have investigated the role of SP cells in OC (20) (21) (22) . However, SP cells isolated from
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SK-OV-3, a key epithelial OC cell line that was first identified by Provencher et al in 2000 (23) , have not been extensively studied. In the current study, SP cells extracted from SK-OV-3 cell lines were sorted and characterized in order to isolate CSCs associated with OC. In isolated SP cells, the levels of adhesion and anti-apoptotic activity, the expression of CSC-associated genes, drug susceptibility and the capability of colony formation compared with non-SP cells were investigated. Cell culture. SK-OV-3 cells were cultured in McCoy's 5A medium containing 10% FBS, 100 units/ml penicillin and 100 µg/ml streptomycin (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) in 5% CO 2 at 37˚C, and subcultured every three days according to a ratio of original medium to fresh medium of 1:3 (v:v).
Materials and methods

Materials
SP cell sorting and analysis. SK-OV-3 cells were cultured to reach a number of 1x10 8 cells, and then a single-cell suspension of 1x10 6 cells/ml was prepared via digestion using 0.25% trypsin-EDTA. The cells were then stained with Hoechst 33342 (3 µg/ml) with 200 µmol/l VRP (which is an inhibitor of certain verapamil-sensitive ABC transporters) as the control group, or without VRP as the test group (24), respectively. Next, the two groups were cultured in a water bath at 37˚C for 90 min in the dark and were homogeneously agitated every 20 min. Subsequently, the cell suspension was centrifuged at 400 x g for 10 min at room temperature, and the sedimentary cells were washed using pre-cooled phosphate-buffered saline (PBS) and suspended in PBS with 2% FBS at 4˚C. PI, an intercalating agent and fluorescent molecule, was added and used to differentiate necrotic, apoptotic and live cells (25) . Following filtration using a 400 mesh strainer (0.0374 mm), the cells were analyzed and sorted by FCM using a MoFlo system (Dako, Glostrup, Denmark) with 350 nm (UV light) as the excitation wavelength and 450/675 nm (Hoechst blue/red) as the detected wavelength. The cells inside the area of low-Hoechst red and low-Hoechst blue without VRP were identified as SP cells, and the SP percentage was further calculated.
Immunocytochemical analysis. CD44 antigen is a type of homing cell adhesion molecule involved in cell-cell interactions, adhesion and migration (26) . In order to assess the expression of CD44 in SP and non-SP cells isolated from SK-OV-3 cells, the cells were digested using trypsin-EDTA and suspended in McCoy's 5A medium to obtain single-cell suspension with the concentration of 1x10 6 /ml. Subsequently, 5 µl FITC mouse anti-human CD44 or FITC mouse IgG2b κ isotype control antibodies were added to 100 µl SP or non-SP cell suspension. Following a 15-min incubation at 37˚C, the volume of the cell suspension was adjusted to 500 µl by adding PBS. Finally, the mean fluorescence intensity (MFI) of the SP and non-SP cells were recorded and analyzed using a FACSCalibur flow cytometer (BD Biosciences).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
The SP and non-SP cells were selected and washed twice with PBS. To isolate total RNA, 1 ml TRIzol was added and the solution was mixed homogeneously for 10 min. The mixture was then transferred into 1.5-ml Eppendorf (EP) tubes with 200 µl chloroform. After 15-min agitation, the EP tubes were centrifuged at 12,000 x g for 15 min at 4˚C. The supernatant was transferred to fresh EP tubes and mixed with isopycnic isopropanol for 15 sec. Further centrifugation was conducted (4˚C, 10 min, 12,000 x g) and the supernatant was discarded. The precipitate was washed twice with 75% ethanol and dissolved in 30 µl diethylpyrocarbonate after drying for ~15 min at room temperature to obtain RNA stock solution. Following isolation, the concentration of RNA was assessed using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Inc., Wilmington, DE, USA) and the RNA solution was stored at -80˚C for further use. The isolated RNA was used as a template and was reverse transcribed into cDNA using the FastQuant RT kit, as previously described (27) . Next, qPCR analysis was performed using an Mx3000P qPCR system (Stratagene; Agilent Technologies, Inc., Amsterdam, Netherlands) and the Super Real PreMix Plus (SYBR Green) kit, as follows: 1 min at 95˚C, 40 cycles of 10 sec at 95˚C, and 32 sec at 60˚C.
The primers of the target genes ATP-binding cassette sub-family G member 2 (ABCG2) and Nestin, and the reference gene glyceraldehyde 3-phosphate dehydrogenase were designed using Primer Premier 5.0 software (Premier Biosoft, Palo Alto, CA, USA) and are shown in Table I Statistical treatment and analysis. The data are presented as the mean ± standard error of the mean and were analyzed using SPSS software, version 12.0 (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference. One-way analysis of variance was used for data analysis. The results of each group were measured three times.
Results
SP cell isolation.
The Hoechst-low cells from the SK-OV-3 cell line were isolated following the exclusion of apoptotic cells stained with PI, on the basis of FCM scatter signals. A distinct characteristic of SP cells is the ability to transport Hoechst 33342 from the cytoplasm to outside the cell; however, the Hoechst 33342 transfer is inhibited by VRP (19) . Thus, the SP cells were defined as the cell population with distinct and unstained cells in the Hoechst-low diminished region that had been treated with VRP. The non-SP cells were identified as the major cell population dyed by Hoechst 33342. As shown in Fig. 1 , the fraction of potential SP cells that were eliminated following VRP treatment among the total cell population was 4.83%. 
A B
Immunocytochemical assay. Immunofluorescence analysis uses the characteristic fluorescence of antibody markers to detect the expression of a target antigen in cells via the specific combination of an antigen and its corresponding antibody (30) . In the present study, the expression of CD44 antigen, which serves a vital function in cell adhesion and exerts an anti-apoptotic effect on SP and non-SP cells, was investigated. FITC-conjugated mouse anti-human CD44 antibody was used to specifically detect the expression of the CD44 antigen. The cells were analyzed using FCM and the results are shown in Table II . Compared with the isotype, the MFI values of the SP and non-SP cells treated with FITC mouse anti-human CD44 were significantly increased. However, the higher MFI values of SP cells as compared with the non-SP cells indicated that CD44 antigen expression was more marked in the SP cells.
Analysis of the mRNA expression levels of stem cell-associated genes.
The mRNA of SP and non-SP cells was extracted and analyzed using RT-qPCR to investigate the differences in the expression levels of the CSCs genes, ABCG2 and Nestin, between the SP and non-SP cells. The results showed that the mRNA expression levels of ABCG2 and Nestin were significantly increased in sorted SP cells when compared with those in the non-SP cells (Fig. 2) .
Colony formation test.
The tests of colony formation were repeated thrice in three parallel experiments. The results at day 10 of cultivation are shown in Fig. 3 . The SP cells plated at a density of 500 or 1,000 cells per well exhibited significantly more marked colony formation ability compared with the non-SP cells, indicated that SP cells possessed a strong regenerative capability. 50 . The viability of SP and non-SP cells treated at different CDDP concentrations was determined by CCK-8 assay. The results suggest that SP cells had increased viability compared with the non-SP cells at all treated concentrations of CDDP (Fig. 4) . The IC 50 values were then calculated using Graph Pad Prism 5 software based on the dose response curve and were determined to be 4.32 and 4.26 µmol/l for the SP and non-SP cells, respectively. These results indicate that SP cells were more resistant to CDDP compared with the non-SP cells. Table III) .
Viability of CDDP-treated SP cells and CDDP-IC
Discussion
OC is the leading cause of mortality among gynecological cancer types; thus, the management and treatment of OC patients have been widely investigated (31) . Despite undergoing the typical treatment of cytoreductive surgery followed by radiotherapy and chemotherapy, >70% of patients with OC suffer tumor recurrence and even succumb to the disease (32) . Previous studies have suggested that CSCs, which exhibit the characteristics of renewal, proliferation and chemotherapy resistance, may underlie the high rate of OC recurrence and the general failure of current therapies (33) (34) (35) (36) . Thus, therapies targeting CSCs are required as a potential approach for reducing the recurrence rate of OC and prolonging the lifespan of patient. Since they were first identified by Bonnet and Dick in 1997, CSCs have been investigated and isolated using a preferred method of identification involving the use of specific makers (15, (37) (38) (39) . However, in the majority of solid tumors, CSCs are rare and difficult to access, and have no identifiable specific markers. In order to isolate and enrich a population of (20) . Furthermore, CSCs may be enriched in SP cells, since these cells were reported to exhibit CSC-like characteristics in OC (41) . As epithelial malignancy is considered to be the leading cause of OC, the focus of the present study was on sorting and characterizing the SP cells in the human epithelial OC cell line, SK-OV-3.
The SP cells were isolated using an FCM technique, and found to account for 4.38% of the total cell population. The CD44 antigen, a transmembrane glycoprotein, is involved in a variety of crucial cellular processes, including cell proliferation, differentiation, survival and migration (42) . CD44 was hypothesized to be associated with the pathology of CSC due to its ability to enhance cellular migration and adhesion, as well as the growth and aggregation of the tumor. According to a previous study, CD44 + cells were demonstrated to be breast CSCs, with higher tumorigenicity and metastatic ability (43) . CD44 has been used individually or in combination with other markers to identify CSCs in numerous tumor types, including tumors of the pancreas (44), colon (45) , stomach (46) and ovaries (47) . In the present study, the identification of the sorted SP cells was confirmed via CD44 antigen recognition using a FITC mouse anti-human CD44 antibody. The increased MFI values of the SP cells compared with those in the non-SP cells indicated that the sorted SP cells migrated and aggregated vigorously and were therefore a potential candidate population of OC CSCs.
This result was further verified at the gene level, by evaluating the mRNA expression levels of Nestin and ABCG2 using RT-qPCR. ABCG2, a neural stem cell gene, encodes a membrane-associated protein included in the ABC transporter, which serves a crucial function in Hoechst 33342 cellular efflux (48, 49) . Castillo et al (50) observed that the ABCG2 transporter is a significant marker of chemotherapy resistance in prostate cancer. Yanamoto et al (51) identified a positive correlation between ABCG2 expression and local Table III . Effect of CDDP on the proportion of SP and non-SP cells in each phase of the cell cycle. recurrence of tongue cancer, which was reportedly associated with CSCs. In addition, the elevation of ABCG2 expression has been observed in a number of putative CSCs. Therefore, ABCG2 was considered to be a significant marker of CSCs. Nestin was initially identified as a marker of neuroepithelial stem cells, and has been reported to be highly expressed in cells outside of the nervous tissue, including CSCs in epithelial tumors (52) , breast cancer (53) and gastric cancer (54) . In the present study, the expression levels of ABCG2 and Nestin were significantly increased in the SP cells compared with the non-SP cells. These results suggest that the SP cells isolated in the current study possessed properties characteristic of CSCs. An additional fundamental characteristic of CSCs is their potential for proliferation and self-regeneration (55) . In the present study, the capacity of the isolated SP cells for proliferation and self-regeneration was investigated via a colony formation test. The sorted SP and non-SP cells were cultured under identical conditions for 10 days, and the number of SP cells was found to be evidently increased compared with that of the non-SP cells in plates seeded at densities of 500 or 1,000 cells. This result is consistent with the findings of a previous study, which observed an increased colony formation capacity in SP cells compared with non-SP cells (56) .
As CSCs have been recognized to be a crucial factor underlying the chemotherapy resistance of cancer tissues, the chemoresistance of the sorted SP cells against CDDP was also investigated. CDDP is a chemotherapeutic agent used in oncotherapy, which causes DNA crosslinking and ultimately induces apoptosis (57) . The cellular viability of the SP and non-SP cells was decreased as the concentration of CDDP was The cell cycle is defined as the entire period of cellular development, from one cell into two daughter cells after cell division and duplication. According to a previous study, the cell cycle consists of five basic stages: Gap 0 (G 0 ), a senescent phase in which cells have stopped dividing; gap 1 (G 1 ), the beginning of interphase in which cells increase in size and prepare for DNA replication; synthesis (S), the primary phase in which DNA replication occurs; gap 2 (G 2 ), the final period of interphase in which the cell grows continuously following DNA synthesis; and mitosis (M), the cell division stage in which growth is complete and cells divide (58) . As the cell cycle, particularly the M phase, is essential for the proliferation of CSCs (59), we investigated the effect of CDDP on the cell cycle progression of the sorted SP and non-SP cells. Following CDDP treatment, the reduced proportion of non-SP cells in G 2 /M stage compared with the SP cells indicated that the SP cells reproduced more rapidly, and further suggested their capacity for chemoresistance. The results indicated that the sorted SP cells possessed a marked ability to proliferate and resist chemotherapy, which are characteristic properties of CSCs.
In conclusion, SP cells were isolated from the SK-OV-3 human OC cell line using FCM, and their isolation was verified by the immunocytochemical detection of the CD44 marker and evaluation of the mRNA expression levels of ABCG2 and Nestin. The sorted SP cells exhibited a high capacity for self-regeneration, proliferation and chemotherapy resistance, which are typical features of CSCs. Therefore, the SP cells with CSC characteristics isolated in the present study may provide a novel insight into OC therapy. Further studies should be performed in order to resolve the issue of the inhibition of the growth and proliferation of SP cells, which may be more effective in treating OC than dealing with the non-SP cells.
